This paper investigates the accuracy of the Computational Fluid Dynamics (CFD) based Immersed Body Force (IBF) turbine modelling method for predicting the flow characteristics of a Momentum-Reversal-Lift type of tidal turbine. This empirically-based CFD model has been developed based on the actuator disc method enhanced with additional features to mimic the effect of the complex blade motion on the downstream wake, without the high computational costs of explicitly modelling the dynamic blade motion. The model has been calibrated against the flow characteristics data obtained from experiment and found to perform well, although there are few inconsistencies in the flow patterns which show some of the limitations of the IBF model compared to a full dynamic blade motion simulation. However, given the complexity and computational cost of modelling the detailed blade motion the limitations of the IBF model are acceptable and will be useful especially for optimisation of arrays of devices where there is a significant computational demand.
Introduction
Most researchers accept that simple momentum sink zone models such as actu-2 ator disc methods are unable to generate the detailed physics of the flow produced 3 by real turbines. However, because of their lower computational cost they are 4 one of the few computationally realistic approaches for gaining insight into the 5 behaviour of substantial clusters of devices. The principle of an actuator disc has 6 been frequently utilized for modelling turbines both in experimental and compu-7 tational studies. The disc acts as a momentum sink which is matched to the thrust 8 coefficients of the turbine [1, 2] . This method has been widely used for wind 9 turbines as documented by [3, 4] . Recently this method has been used in tidal CFD model using data measured from experimental work on simplistic disc may 16 not be the best option to analyse fidelity of the model and to apply this model in 17 the real turbine applications. A recent study by [8] demonstrated that the actuator 18 disc-RANS model accurately predicts the wake of tidal turbines when compared 19 with the wake measurements from experiment though they acknowledged that it 20 lacks the capability to generate swirling flows and capture tip vortices.
21
Most of the studies showed that the accuracy of actuator disc methods in repli- 2. Drag (momentum reversal)-which acts parallel to the flow direction.
41
The blade rotation is nominally half that around the central shaft since this con-
42
dition results in near optimum conditions for both lift and drag forces on each 43 blade [9], but this is still under investigation and the exact details could be sub-
44
jected to some changes. Figure 1 shows the rotation of the blade around the cen-
45
tral axis presenting a variable incident angle to the flow during the rotation cycle.
46
The power is taken off from the central shaft and transferred to a generator. The the blades can be extremely high.
52
Since both the drag and lift exert forces, both of these can be used to extract 53 energy from the fluid flow. Of these, lift has been the subject of considerably 54 more attention since it is the basis of winged flight and also the basis for propeller 55 based propulsion, whereas drag has been viewed as a problem to be overcome in Eqns: (1) and (2) 
110
∂U i ∂x i = 0 (1)
Where U is the Reynolds averaged velocity, P is the Reynolds averaged pressure;
111
ν is a kinematic viscosity, and U i U i is the Reynolds stress tensor. The Reynolds 112 stress tensor is defined as:
where k = 1 2 U i U i is the turbulent kinetic energy, and ν t is the turbulent viscosity.
114
The Reynolds stress term, U i U i , is modelled using the k-omega Shear Stress 
Computational domain and inflow conditions 118
The dimensions of the computational domain are taken from the test tank facil-119 ity with far upstream and downstream dimensions reduced to minimise the com-120 putational cost as the experimental measurements were taken within this domain. 
132
The inflow conditions are required to be a realistic representation of the prac-133 tical engineering situation, although sometimes it is difficult to achieve these con- and it can be estimated by assuming a power law of the form:
where: u mean is the mean velocity, y is the vertical height, and h is the depth of 144 water level. novel turbine modelling technique developed by the authors of this paper [11, 23] .
170
The IBF model is capable of three roles: The force applied by the vertical blade was considered entirely as a drag re-192 sistance force while the other two blades have both drag and lift resistance forces. 
209
• If the physical blades were to use, they will be simply as solid boundaries 210 imposing blockage but in the case of using the resistance forces, there is a 211 flow of fluid through it similar to the porous region used in the application 212 of actuator disc method. However, if excessive resistance were to be used,
213
it will act as a blockage body similar to the physical body of the blades.
214
• It allows application of both drag and lift resistances against the flow based 
Calibration Procedure

245
The turbine load was provided by a dashpot system and a gear system that with a viscosity of 250,000 cst.
249
The calibration was carried out with a torque rig composed of a contactless ro-
250
tary torque transducer rated at 2 Nm, a hall effect sensor and a Crouzet DC Motor.
251
The motor was used to rotate the damper at various angular velocities while the 252 torque transducer measured the torque generated by the damper. sured with the same type of hall effect sensor used in the calibration procedure.
263
Hence power extracted was estimated from the rotational velocity only.
264
As this turbine was specially designed to be utilised in shallow-medium flow 
296
This notation is used for subsequent discussions to identify the loadings for each 297 case.
298
The velocity contours from the three different loadings are shown in Figure 8 . 
Flow field analysis
304
Detailed velocity data was extracted in the stream-wise direction through the 
Execution time of the simulations
355
The simulations were carried out using an 8 GB machine. Detailed 2D CFD
356
simulations of the MRL turbine using dynamic sliding mesh takes more than 240
357
hours for 20 revolutions of the blades (to obtain fully developed wake structure).
358
The 2D simulations of the MRL turbine was conducted as part of the EPSRC 
